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Abstract 
The performance of a pyrotechnic device consisting of donor/acceptor pair separated by a thin inert mate- 
rial or a gap relies on the shock sensitivity of the energetic materials and detonation shock attenuation in the 
gap. Despite its common use, full-scale numerical simulation of the device configured in an explosive train is 
seldom reported because the proper modeling of the entire process requires precise capturing of extreme pres- 
sure waves from a donor charge during its attenuation in the inert gap before triggering an acceptor charge 
and accurate description of high strain rate dynamics of both reactive and inert solids. We developed a hy- 
brid particle level-set based multi-material hydrocode with reactive flow models for Donor (Pentolite) – Gap 
(PMMA) – Acceptor (aluminized RDX). The complex shock interaction, critical gap thickness, and Go/No- 
go characteristics of the explosive train were quantitatively investigated. An additional detailed simulation of 
a miniaturized pyrotechnic initiator in a train of Donor (HMX) – Gap (steel) – Acceptor (aluminized RDX) 
revealed the existence of a critical gap thickness for successful operation of a small device. 
© 2016 by The Combustion Institute. Published by Elsevier Inc. 
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 1. Introduction 
Pyrotechnic mechanical devices often utilize a
gap test configuration between a donor and an ac-
ceptor for reliable gas generation aiming at various
“push–pull” actuations found in many industrial
and military applications. Operability of the py-
rotechnic systems depends on the mechanical prop-
erties of the gap and the shock sensitivity of donor–
acceptor charges. A gap test is a standardized test∗ Corresponding author. Fax: + 82 28809334. 
E-mail address: jjyoh@snu.ac.kr (J.J. Yoh). 
http://dx.doi.org/10.1016/j.proci.2016.08.080 
1540-7489 © 2016 by The Combustion Institute. Published by E
Please cite this article as: B. Kim et al., Shock to deto
models, Proceedings of the Combustion Institute (2016)to quantify the shock sensitivity of an acceptor that 
needs to be characterized. Critical gap thickness is 
measured when the acceptor charge is detonated at 
its initiating pressure. The gap test has advantages 
over other commonly used methods for measuring 
shock sensitivity via the drop-weight impact test [1] . 
Critical gap thickness under highly controlled cir- 
cumstances is quite reproducible with an error less 
than a fraction of a millimeter [2] . The test con- 
sists of four components: donor charge, gap, ac- 
ceptor charge, and witness block. A train of four 
components is first detonated at its donor usually 
electrically. The shock wave generated by detona- 
tion is attenuated through the gap. The transmitted lsevier Inc. 
nation transition analysis using experiments and 
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 Nomenclature 
 U vector for conserved variables 
 E spatial fluxes in axial direction 
 F spatial fluxes in radial direction 
 S source term for multi-materials 
σ ij Cauchy stress tensor 
s ij deviatoric stress tensor 
p hydrodynamic pressure 
λ burned mass fraction 
φ distance level set function 
hock wave then may trigger an acceptor depend-
ng on the level of attenuation. If the acceptor is
etonated, a hole is created at the witness block.
ere, the gap thickness is adjusted and the test is
epeated until a critical thickness (Go/No-go) is ob-
ained for the acceptor charge. A critical gap thick-
ess for which the acceptor has a 50% probability
f being detonated marks the shock sensitivity of 
he acceptor [3–5] . 
In this research, we attempted to define a
ulti-material hydrodynamic simulation for
 Large Scale Gap Test (LSGT) comprising of 
 donor (Pentolite), a gap (PMMA), and an ac-
eptor (aluminized RDX). The aluminum-rich
DX (Al-RDX) is comprised of 50% RDX
cyclotrimethylene-trinitramine, C 3 H 6 N 6 O 6 ), 35%
luminum powder, and 15% HTPB (hydroxyl-
erminated polybutadiene) binder. Its initial
ensity after pressing was 1.78 g/cc. The numerical
imulation provided the complex shock interaction
tructure, critical gap thickness, and corresponding
etonation characteristics of high explosives in
ontact with a PMMA gap. A full scale LSGT ex-
eriment was also conducted to validate numerical
redictions provided in this study. Furthermore,
he simulation of a pyrotechnic initiator consist-
ng of HMX as donor, STS 304 as bulkhead,
nd Al-RDX as acceptor was conducted. Our
esults revealed that the critical bulkhead thickness
as important for successful initiation of the
ulti-material configuration. 
. Methods 
.1. Governing equations 
To simulate energetic material response at high
emperature and pressure conditions, reactive flow
odels, a rupture model, a multi-material interface
racking model, and hydrodynamic models are re-
uired for accurate capturing of various waves in-
erent to a globally hyperbolic system. For both
nergetic material and inert gap material, the com-
ressible form of the governing equations was used.
he stress tensor for inert solids was composed
f the deviatoric stress s ij and the hydrodynamicPlease cite this article as: B. Kim et al., Shock to deto
models, Proceedings of the Combustion Institute (2016)pressure [6] . The Mie–Grüneisen equation of state
(EOS) was used for the pressure of the gap mate-
rial, while the JWL (Jones–Wilkins–Lee) EOS was
used for the high explosives. The rate of chemical
reaction was based on the ignition and growth steps
previously built for aluminized RDX [7] . The in-
terface between two different materials was tracked
through a hybrid particle level set method. The ma-
terial properties near the interface were determined
through the ghost fluid method [8] . Here, only a
brief explanation of the method is outlined. For
more detailed discussions, please see Ref. [8]. 
∂  U 
∂t 
+ ∂ 
 E 
∂r 
+ ∂ 
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∂z 
=  S (  U ) (1)
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ρ
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(3)
Here,  U ,  E ,  F , and  S are the vectors of con-
served variables, axial fluxes, radial fluxes, and
source terms, respectively. ϕ is 0 for rectangular
and 1 for cylindrical coordinates. η is 0 and 1 for
fluids (liquids and gases) and solids, respectively.
The governing equation was solved by a third-
order Runge–Kutta and ENO (essentially non-
oscillatory) method [8] for temporal and spatial dis-
cretization, respectively. Here, the stress effect in the
unreacted solid state could be ignored in compar-
ison with the dominant hydrodynamic pressure of 
the reacted gas state of the high explosive. However,
to capture the drastic change in deformation of the
inerts, the Cauchy stress tensor σ ij was formulated
into the deviatoric stress tensor and the hydrody-
namic pressure as follows: 
σi j = s i j − p δi j (4)
nation transition analysis using experiments and 
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 The rate of deviatoric stress change followed the
first order differential equation: 
˙ si j = ˙ si j, tr + ˙ si j, cor 
= ik s k j − s ik k j + 2 G 
(
D i j −D p i j 
)
(5)
˙ si j, tr = ik s k j − s ik k j + 2 G D i j (6)
˙ si j, cor = −H : D p i j = −2 GN i j, tr (7)
where each operator was defined as 
D i j = D i j − 1 3 D kk δi j , D i j = 
1 
2 
(
∂ u i 
∂ x j 
+ ∂ u j 
∂ x i 
)
, 
i j = 1 2 
(
∂ u i 
∂ x j 
− ∂ u j 
∂ x i 
)
(8)
2.2. Constitutive relations 
Shock Hugoniot for the donor and Mie–
Grüneisen for the acceptor were used for EOS of 
the unreacted high explosive [9] . 
p unreacted ( Pentolite) = A ( ρ/ ρ0 − 1 ) 1 + B ( ρ/ ρ0 − 1 ) 3 
(9)
p unreacted ( HMX , Al −RDX) = p H + ρ(e − e H ) (10)
where p H and e H in Eq. (10) are pressure and in-
ternal energy at a reference state assumed from the
shock Hugoniot, and  is the Grüneisen gamma.
The p H and e H can be expressed in the following
forms 
p H = c 2 0 
(
1 
ρ0 
− 1 
ρ
)/ [
1 
ρ0 
− S 
(
1 
ρ0 
− 1 
ρ
)]2 
(11)
e H = c 2 0 
(
1 
ρ0 
− 1 
ρ
)2 / 
2 
[
1 
ρ0 
− S 
(
1 
ρ0 
− 1 
ρ
)]2 
(12)
where ρ0 and ρ represent the initial and current
density, respectively, c 0 and S are bulk sound speed
and linear Hugoniot slope coefficient, respectively.
The shock speed relations are 
S = d U shock /d U particle (13)
c 0 = ( ∂ p/∂ ρ) 1 / 2 (14)
 shock = c 0 + S U particle (15)
where the shock velocity is U shock and the material
particle velocity is U particle . The shock velocity and
particle velocity were assumed to follow a linear re-
lationship, and ρ was assumed to be a constant.
In particular, the JWL C-term form was used forPlease cite this article as: B. Kim et al., Shock to deto
models, Proceedings of the Combustion Institute (2016)products by assuming the process is isentropic [10] . 
p reacted = A e −R 1 ( ρ0 /ρ ) + B e −R 2 ( ρ0 /ρ ) + C ( ρ0 /ρ ) −(1+ ω) 
(16) 
Where A, B, C, R 1 , and R 2 are material dependent 
model parameters with ω being the Grüneisen coef- 
ficient. The unreacted and reacted EOSs were com- 
bined into a single expression Eq. (17) using prod- 
uct mass fraction ( λ) and reactant depletion (1 −λ). 
p total = (1 − λ) p unreacted + λp reacted (17) 
For the gap materials, the Mie–Grüneisen EOS 
[11] was adopted to calculate the pressure of 
PMMA and STS using the following equation: 
p solid(PMMA , STS ) = 0 E 
+ 
⎧ ⎪ ⎪ ⎪ ⎪ ⎪ ⎨ 
⎪ ⎪ ⎪ ⎪ ⎪ ⎩ 
ρ0 C 2 0 μ
[
1 + 
(
1 − 0 
2 
)
μ
]
[
1 − ( S 1 − 1) μ − S 2 μ
2 
μ + 1 
]2 if μ > 0 
C 2 0 ρ0 μ if μ < 0 
(18) 
where μ= ρ/ ρ0 −1. 
The Johnson–Cook model [12] was applied for 
flow stress or for the minimum outer force needed 
to deform plastically using equivalent plastic strain, 
strain rate, and melting temperature: 
σY = 
(
A + B ( ε p ) n )
⎛ 
⎝ 1 + C ln 
⎛ 
⎝ 
. 
ε p 
˙ εn 
⎞ 
⎠ 
⎞ 
⎠ 
×
(
1 − T − T 0 
T m − T 0 
)
(19) 
Since PMMA is brittle under the present test, 
a constant yield stress was utilized [11] . In this re- 
search, we set the yield stress of PMMA to be con- 
stant unless its temperature was less than the melt- 
ing temperature. If its temperature was higher than 
the melting temperature, the yield stress was then 
reduced to zero. 
2.3. Chemical reaction 
The reactive flow model that consists of both ig- 
nition and growth terms has been suggested by Kim 
et al. [7] 
dλ
dt 
= I (1 − λ) μa + G(1 − λ) p b , μ = ρ
ρ0 
− 1 (20) 
where p is pressure, t is time, ρ0 and ρ are the initial 
and current densities, respectively. λ is the burned 
mass fraction. Constants I, a, G, and b are unknown 
parameters. λ is a reaction progress variable ( λ = 0 
for the unreacted state, λ = 1 for reacted state). The 
compression term μ was defined as μ= ρ/ ρ0 −1. 
nation transition analysis using experiments and 
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Table 1 
Modeling constants for Pentolite, HNS, HMX, and Al-RDX. 
Parameter Pentolite HNS HMX Al-RDX 
Reactant ρ0 (kg/m 3 ) 1560 1430 1700 1780 
A (GPa) 12.82 – – –
B (GPa) 119.30 – – –
C 0 (mm/ μs) – – 2.31 2.60 
S – – 2.77 1.86 
 – – 1.00 0.99 
Product A (GPa) 507.91 1154.54 333.88 2633.31 
B (GPa) 6.62 29.96 5.92 8.59 
C (GPa) 1.27 0.995 1.35 1.09 
R 1 4.62 7.00 3.62 6.68 
R 2 1.02 1.95 1.02 1.11 
ω 0.33 0.32 0.37 0.09 
Chemical kinetics I (s −1 ) 1.4 × 10 8 – 4.4 × 10 8 3.2 × 10 8 
a 4.0 – 4.0 4.0 
G (s −1 Mbar −b ) 3.3 × 10 8 – 8.5 × 10 7 3.5 × 10 7 
b 1.3 – 2.0 0.7 
p i (GPa) 1.2 5.27 1.19 5.9 
Table 2 
Material properties for PMMA and STS-304. 
PMMA STS PMMA STS 
Mechanical constant Mie–Grüneisen EOS 
Initial density (kg/m 3 ) 1182 7900 C 0 (m/s) 2180 4570 
Young’s modulus (GPa) 0.42 200 S 0 1.41 1.49 
Shear modulus (GPa) 2.32 77 Grüneisen coefficient 0.85 1.93 
Thermal constant Strength model 
Specific heat capacity(J/kg • K) 1466 423 Yield stress (GPa) 0.42 0.34 
Melt temperature (K) 330.3 1683 
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Fig. 1. Schematics of the gap-test-based experimental 
and numerical configurations. 
 
 
 our unknown parameters of major significance
n view of detonation were determined by a series
f standardized unconfined rate stick experiments
erformed previously [7] . For the aluminized RDX,
he constants of ignition I and growth G were set
t 3.2 × 10 8 s −1 and 3.5 × 10 7 s −1 Mbar −b , respec-
ively. The pressure sensitivity b was 0.7, and the
ompression sensitivity a was 4.0. 
dλ
dt 
= I (1 − λ) 0 . 222 μa + G(1 − λ) λ0 . 666 p b (21)
The rate law of HMX was modeled by Eq. (21) ,
ith the rate parameters used in the calculation
ummarized in Table 1 . 
.4. Modeling constants 
The chemical reaction and pressure growth of 
nergetic materials were calculated from the reac-
ive flow model with JWL EOS [ 7 , 9 ] with param-
ters of Table 1 . The JWL EOS parameters of 
he product gases were calculated with a thermo-
hemical equilibrium code [13] . The material prop-
rties and Mie–Grüneisen EOS constants [11] are
ummarized in Table 2 . Please cite this article as: B. Kim et al., Shock to deto
models, Proceedings of the Combustion Institute (2016)3. Results with validations 
3.1. LSGT of Pentolite-PMMA-Aluminized RDX 
A schematic of the gap test configuration is
shown in Fig. 1 . The thickness of the gap material
is varied to observe the critical gap thickness untilnation transition analysis using experiments and 
, http://dx.doi.org/10.1016/j.proci.2016.08.080 
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Table 3 
LSGT experimental results. 
PMMA gap thickness (mm) Go/No-go 
24.988 Go 
25.242 Go 
25.496 Go 
25.750 Go/No-go 
26.004 No-go 
26.258 No-go 
26.512 No-go 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2. Calculated shock pressure attenuation in Pentolite 
(donor)-PMMA (gap). 
30 mm with an interval of 1 mm. The Pentolite acceptor detonation is observed in 50% of the trials.
The donor charge was Pentolite with an initial den-
sity of 1.56 g/cc. The acceptor was an aluminized
RDX with initial density of 1.78 g/cc. The gap was
provided by stacking PMMA discs to adjust its
thickness height. All materials were shaped into
a 50.8 mm diameter circle. The heights of donor
and acceptor were 50.8 mm and 139.7 mm, respec-
tively. Three trials were conducted at different gap
thicknesses with 0.254 mm interval. Go/No-go
results were obtained until witness plate breakage
was encountered. The experiments indicated the
critical thickness, beyond which an undamagedFig. 3. Reaction progress and pressure for donor (bottom)/acce
Gap, and (b) 26 mm Gap at times t = 7, 8, 10, 12, 13, and 15 μs. 
Please cite this article as: B. Kim et al., Shock to deto
models, Proceedings of the Combustion Institute (2016)witness plate was observed, to be 25.75 mm. 
Table 3 lists the LSGT experimental results. 
For simulations, gap sizes varied from 15 to ptor (top), density for PMMA gap (middle): (a) 25 mm 
nation transition analysis using experiments and 
, http://dx.doi.org/10.1016/j.proci.2016.08.080 
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Fig. 4. Time trace of consecutive pressure profiles of LSGT simulations with 25 and 26 mm gap thickness. 
Fig. 5. Timed images of acoustic impedance ( Z = ρc ) at Go case of LSGT simulation at times t = 10, 15, 20, 25, and 30 μs. 
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Fig. 6. Configuration of an explosive train used in the py- 
rotechnic initiator (HMX-STS-Al-RDX). 
 
 
 ylinder block with height of 50.8 mm and the
l-RDX cylinder block with height of 139.7 mm
ere modeled in a computational domain of 190.5
 + gap height) mm. For initial detonation of donor
harge, a 1 km/s impact was applied at the bottom.
ll other outer boundaries were unconfined. 
A combination of Pentolite donor and PMMA
ap was tested to verify the shock generation and
ttenuation characteristics. The time evolution plot
f the pressure profile along the centerline is shown
n Fig. 2 . During the development of the detona-
ion wave, the von Neumann spike reached approx-
mately 31 GPa. The tendency of attenuation in the
ressure was in good agreement with the LSGT
ata [ 14 , 15 ]. 
The full simulation of a gap test at PMMA
hickness of 25 or 26 mm is shown in Fig. 3 . For
lear illustrations, the reaction progress variable
 λ) and pressure were used for explosive chargesPlease cite this article as: B. Kim et al., Shock to deto
models, Proceedings of the Combustion Institute (2016)(donor and acceptor) while density was used for
PMMA. Pentolite was below the PMMA gap
and aluminized RDX was above the PMMA gap.nation transition analysis using experiments and 
, http://dx.doi.org/10.1016/j.proci.2016.08.080 
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Fig. 7. Simulated results for Go and No-go events in pyrotechnic device. 
 
 
 
 
 
 
 
 
 
 
 
 
 Subsequent initiation of the acceptor then deter-
mined the sensitivity of the acceptor in the LSGT. 
Figure 3 shows how the donor detonation wave
is attenuated through the gap depending on the
PMMA thickness. The Go/No-go of the acceptor
was determined. A full set of reactive compressible
equations of two energetic materials were solved si-
multaneously while the comprehensive stress field
calculation was used for precise tracking of the
PMMA interface that undergoes a large change in
shape. The Go case in Fig. 3 a shows the initiation
of acceptor with a triggering pressure shown in sev-
eral GPa ranges, whereas in Fig. 3 b, the No-go case
is shown with a diminishing pressure following itsPlease cite this article as: B. Kim et al., Shock to deto
models, Proceedings of the Combustion Institute (2016)attenuation. The choice of the equation of state for 
materials involved in LSGT is of significant impor- 
tance. The precise capturing of the gap thickness 
for Go/No-go could also come from analyzing the 
impedance mismatch between reactive medium and 
inert, namely PMMA. At 26 mm, the detonation 
failure might have occurred because the critical gap 
thickness ( t c ) must lie somewhere below this thick- 
ness, namely 25 mm. 
The time trace of consecutive pressure profiles 
along the centerline of a LSGT simulation with a 
25 mm PMMA gap Go case and a 26 mm No-go 
case are shown in Fig. 4 . The initial shock pres- 
sure at the Pentolite donor was about 31 GPa. The nation transition analysis using experiments and 
, http://dx.doi.org/10.1016/j.proci.2016.08.080 
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Fig. 8. Hugoniot for STS-304 in the p –ρ plane from cal- 
culation and experiment. 
Fig. 9. Shock pressure trajectory in detonator-bulkhead- 
acceptor of pyrotechnic initiator. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 hock was attenuated through the gap. When the
onor shock triggered the acceptor charge, this
riggering pressure ( p i ) of the acceptor was approx-
mately at 5.9 GPa. 
The acoustic impedance ( Z = ρc ) calculation
ecomes quite effective in providing a view of the
evelopment of rarefraction waves from LSGT test
n addition to a standardized pressure calculation.
igure 5 shows the interactions between reflected
nd transmitted waves incident on the contact sur-
ace between the two different materials with dis-
inct impedances. It is noted that the shape defor-
ation of the gap geometry occurs. The geometry
f the attenuating gap is changed from a square-
ype cylinder to (compressed) concaved cylinder
tructure bent upwardly. This deformation as well
s the shock bouncing inside the gap can be easily
istinguished in Fig. 5 . In Fig. 5 , the shock wave
s oscillating between the upper interface and the
ower interface. Meanwhile, various shock waves
nteract together to form a complex shock struc-
ure inside the gap as shown after 20 μs. These var-
ous rarefraction waves are generated by reflection
rom the deformed upper/lower surfaces. The trans-
ission and reflection from the surfaces are due
o the impedance mismatch between inert material
PMMA) and energetic materials. 
.2. Shock-induced detonation in pyrotechnic device
A pyrotechnic initiator is a device used to fa-
ilitate the ignition of relatively insensitive en-
rgetic materials. A detailed schematic of the
umerical configuration is illustrated in Fig. 6 .
or bulkhead material, STS-304 with initial den-
ity of 7900 kg/m 3 and melting temperature of 
410 K in average was considered. The detona-
or was comprised of 1430 kg/m 3 HNS (hexani-
rostilbene, C 14 H 6 N 6 O 12 ), and 1700 kg/m 3 HMX
cyclotetramethylene-tetranitramine, C 4 H 8 N 8 O 8 ).
he initiation of detonator is the onset point of pri-
ary detonation. Assuming a high-speed flyer im-
act, the initiation point was located at the front
enter of the detonator. 
The bulkhead (the gap between the charges)
ependence of shock initiation of detonation is
hown in Fig. 7 . A detonator (HNS + HMX) and
ulkhead (STS) arrangement was used to transmit
he triggering pressure ( ∼5.9 GPa) into an accep-
or (Al-RDX). The length of the bulkhead was var-
ed, and between 13 and 14 mm confirmed the exis-
ence of a critical distance. The results determined
hat 13 mm represented Go while 14 mm was No-
o. Also the expanding deformation of the outer
ontour of the bulkhead assembly is observed in
ig. 7 in contrast to Fig. 3 . The pyrotechnic device
s a sort of screw-thread and thus the boundaries
ere confined by STS, while LSGT tests and sim-
lations were entirely unconfined. The mushroom
hape of the high pressure area can be observed at
 = 1.0–3.0 μs. This interesting feature is generated
Please cite this article as: B. Kim et al., Shock to deto
models, Proceedings of the Combustion Institute (2016)by interaction between shock and expending bulk-
head. The backward shock is reflected from the ex-
pending wall and results in fan-shaped rarefactions.
The comparison of Hugoniot curves of STS
between the present calculation and experimental
data [16] is shown in Fig. 8 . For pressures up to
45 GPa, our predictions were in good agreement
with the experiment. 
A closer look at the critical initiation process re-
sults in a pressure trajectory shown in Fig. 9 . The
STS bulkhead was operated as an attenuator gap,
meaning that a shock stronger than the threshold
pressure might result in initiation while a weaker
shock will not. The effect of the bulkhead may also
be due to shock interaction between non-reactive
and reactive materials. It could be used to predict
the influence of an acceptor on the initiation in the
explosive train configuration. It is important to be
able to distinguish cases where detonation is initi-
ated (Go) and those where failure (No-go) occurs
depending on bulkhead thickness. nation transition analysis using experiments and 
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 Based on experimental data, the critical PMMA
gap thickness was 25.75 mm. Any gap thicker than
that resulted in no reactions. Based on LSGT calcu-
lations, there is a transition point from Go to No-go
between 25 and 26 mm of PMMA corresponding
to the critical gap thickness. This result was simi-
larly seen in a pyrotechnic initiator case where the
transmitted shock wave determines subsequent re-
action of Al-RDX. 
4. Conclusion 
We presented a modeling strategy necessary
to accurately reproduce large scale gap test data
for characterizing heavily aluminized RDX. The
methodology for the numerical calibration of 
shock pressure attenuation within the gap is quite
straight forward if the models are properly imple-
mented and solved in a well-formulated hydrody-
namic shock physics code. 
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